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PExertional Capacity and Age
he Influence of Age, Gender,
nd Training on Exercise Efficiency
. Susie Woo, MD,* Christina Derleth, MD,* John R. Stratton, MD, FACC,†‡
ayne C. Levy, MD, FACC†
eattle, Washington
OBJECTIVES The aim of this study was to determine whether changes in oxygen efficiency occur with aging
or exercise training in healthy young and older subjects.
BACKGROUND Exercise capacity declines with age and improves with exercise training. Whether changes in
oxygen efficiency, defined as the oxygen cost per unit work, contributes to the effects of aging
or training has not yet been defined.
METHODS Sixty-one healthy subjects were recruited into four groups of younger women (ages 20 to 33
years, n  15), younger men (ages 20 to 30 years, n  12), older women (ages 65 to 79 years,
n  16), and older men (ages 65 to 77 years, n  18). All subjects underwent car-
diopulmonary exercise testing to analyze aerobic parameters before and after three to six
months of supervised aerobic exercise training.
RESULTS Before training, younger subjects had a much higher exercise capacity, as shown by a 42%
higher peak oxygen consumption (VO2) (ml/kg/min, p  0.0001). This was associated with
an 11% lower work VO2/W (p  0.02) and an 8% higher efficiency than older subjects
(p  0.03). With training, older subjects displayed a larger increase in peak W/kg (29% vs.
12%, p  0.001), a larger decrease in work VO2/W (24% vs. 2%, p  0.0001), and a
greater improvement in exercise efficiency (30% vs. 2%, p  0.0001) compared to the
young.
CONCLUSIONS Older age is associated with a decreased exercise efficiency and an increase in the oxygen cost
of exercise, which contribute to a decreased exercise capacity. These age-related changes are
reversed with exercise training, which improves efficiency to a greater degree in the elderly
than in the young. (J Am Coll Cardiol 2006;47:1049–57) © 2006 by the American College






















older age, female gender, and the untrained state all are
nown to be associated with a decrement in exercise
apacity, as reflected by a decreased peak oxygen consump-
ion (VO2) or peak workload. There are multiple potential
ontributors to a reduced exercise capacity, including a
eduction in maximal cardiac output, which is common to
See page 1058
ging, female gender, and the untrained state. This reduc-
ion in maximal cardiac output can in turn be due to
ultiple mechanisms, such as a reduced peak heart rate, as
een with aging, or a reduced stroke volume, which is seen
n females and the untrained.
Another possible contributor to a reduced exercise capac-
ty is a reduction in exercise efficiency, which can be crudely
efined as the energy output/energy input or Watts (W)/
O2. Little is known about the potential role of exercise
fficiency in the decline of exercise capacity with aging,
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ffairs Puget Sound Health Care System, Seattle, Washington. This research was
upported by the National Institutes of Health grant no. AG 15462 and by the
edical Research Service of the Department of Veterans Affairs.s
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005, accepted September 26, 2005.emale gender, or the untrained state. We have recently
hown that patients with heart failure have a substantially
educed exercise efficiency compared to age-matched con-
rol subjects (1). Moreover, measures of efficiency had better
orrelation with heart failure symptoms than did the peak
O2 (1).
The purpose of this study was to determine whether a
eduction in exercise efficiency occurs with aging, whether
xercise efficiency differs in men versus women, and whether
ncreases in exercise capacity from several months of super-
ised exercise training would be associated with improve-
ents in exercise efficiency.
ETHODS
ubjects. Sixty-one healthy, sedentary adult volunteers
ere recruited from the Seattle area into groups of younger
omen (ages 20 to 33 years, n  15), younger men (ages 20
o 30 years, n  12), older women (ages 65 to 79 years, n 
6), and older men (ages 65 to 77 years, n  18). Subjects
ere excluded if they had performed regular exercise in the
ast year. Other exclusion criteria included any prior history
f angina, myocardial infarction, stroke, hypertension,
hronic pulmonary disease, diabetes, current medication use
ther than hormone or thyroid replacement therapy, current
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asting blood glucose, total cholesterol, resting electrocar-
iogram, M-mode and two-dimensional echocardiogram,
nd Bruce protocol maximal exercise test, including imme-
iate post-exercise tomographic sestamibi imaging for all
lder subjects to rule out occult coronary disease. All older
emales were required to be on hormone replacement therapy.
ll subjects signed an informed consent form approved by
he Human Subjects Committee at the University of
ashington.
xercise testing. Cardiopulmonary exercise testing was
erformed at baseline, after three months, and after six
onths of exercise training. Subjects sat in a chair for at
east 2 min before the start of exercise to obtain a resting
O2. Subjects were assigned to one of five exercise treadmill
rotocols (with maximum speeds of 3.5, 4, 4.5, 5, and
mph), based on an estimation of their level of fitness. All
rotocols included 2 min of walking at a 0° incline at 3.5
ph at the beginning of exercise to allow comparison of
O2 across all subjects at a matched workload. Subjects then
alked at a 0° incline at the maximum speed of their
readmill protocol before the initiation of ramp exercise.
xercise protocols were terminated at the point of volitional
atigue. Almost all subjects reached a peak respiratory exchange
atio (RER) of 1.1, indicating maximal effort. Peak RER
as 1.22 0.09 before training and 1.17 0.08 after training.
fter termination of exercise, subjects sat quietly in a chair.
easurements of VO2 were continued for at least 6 min of
ecovery to allow estimation of the oxygen debt.
xercise training. After baseline testing, all subjects un-
erwent a six-month supervised training program. Exercise
as initiated at a target intensity of 50% to 60% heart rate
HR) reserve, increased to 80% to 85% by the third or
ourth month and continued at that level for the remainder
f the study. The exercise program consisted of walking/
ogging, bicycling, and stretching, each for 30 min, for a
otal of 90 min per session, three times per week.
as analysis. Data were obtained with a metabolic cart
Medical Graphics, St. Paul, Minnesota) coupled to a
uinton Q65 treadmill. Gas and volume calibrations were
erformed before each test. Resting VO2 was defined as the
owest average VO2 for 2 min of rest before exercise. Peak
O2 and peak workload were defined as the highest 60-s
verages for VO2 and W, respectively. Recovery was defined
s the first 6 min after termination of the treadmill protocol.
Recovery respiratory kinetics were calculated from the
Abbreviations and Acronyms
HR  heart rate
RER  respiratory exchange ratio
VCO2  carbon dioxide production
VE  ventilation
VO2  oxygen consumption
W  Wattstting of VO2 and carbon dioxide production (VCO2) data to ymonoexponential curve using Microsoft Excel 2000 Solver
dd-in (Microsoft Corp., Redmond, Washington), as pre-
iously described by Mitchell et al. (2).
easures of oxygen cost and efficiency. Three-month
xercise data were used only when six-month data were not
vailable. Six-month exercise data were available in 53 of the
1 patients. Watts were estimated from the speed, grade,
nd weight of each subject, using the American College of
ports Medicine’s guidelines and equations for energy
xpenditure during graded walking and running (3). The
xygen cost of exercise during exercise and recovery, oxygen
ebt, and efficiency were calculated as follows (1,2):
rest VO2 average of measured VO2 during
2 min of rest before exercise
exercise VO2 ⁄W ( VO2 during exercise
 rest VO2) ⁄W during exercise
recovery VO2 ⁄W ( VO2 during recovery
 rest VO2) ⁄W during exercise
work VO2  exercise VO2⁄W  recovery VO2⁄W
oxygen debt % (recovery VO2 ⁄W)/work VO2 ⁄W 100
efficiency %   1, 435 ⁄ (kwork VO2 ⁄W)
In the efficiency equation, 1,435  constant by which W
ere converted to calories, and k 5,000 calories/ml of VO2
4). For efficiency at the matched workload of 3.5 mph at 0
rade, k  3,840  1,180  RER (1).
tatistical analysis. Data are expressed as mean  SD,
nless otherwise noted. Group differences were evaluated by
aired t tests and analysis of variance for repeated measures,
sing Statview 5 (Abacus Concepts, Berkeley, California).
ignificance was defined as p  0.05.
ESULTS
ffects of gender. At baseline, male subjects weighed 11
g more (p  0.0001) than their female counterparts. The
en had an 8% higher weight-adjusted resting VO2 (ml/kg)
han the women (p  0.0001). Resting HR was 8% higher
n women than in men (p  0.02), but peak HR was higher
n men than in women (p 0.03). The O2 pulse (VO2/HR),
surrogate for stroke volume, was 40% higher at rest (p 
.0001) and 49% higher at peak exercise (p  0.0001) in
en than in women. As expected, males had a 32% higher
eak VO2 (ml/kg/min, p 0.0001) and were able to exercise
o a 21% higher peak workload (W/kg, p  0.0001) than
heir female counterparts. There was no significant differ-
nce in O2 debt (p  0.31), work VO2/W (p  0.56),
ecovery VO2/W (p 0.76), or exercise efficiency (p 0.57)
etween men and women (Table 1). Separate analyses of the
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Men 51.6  22.4 — NS —
Women 48.6  22.5
eight, kg
Men 82.6  10.8 81.4  10.4 0.0001 NS
Women 71.2  9.6 70.2  9.9
est VO2, ml/kg/min
Men 3.48  0.49 3.52  0.56 0.01 NS
Women 3.21  0.55 3.23  0.70
est HR, beats/min
Men 68.6  10.8 64.1  9.1 0.02 NS
Women 74.3  8.1 70.0  7.2
est O2 pulse
Men 4.26  0.70 4.51  0.86 0.0001 NS
Women 3.05  0.55 3.21  .068
est RER
Men 0.89  0.10 0.86  0.08 NS NS
Women 0.85  0.11 0.85  0.08
eak VO2, ml/kg/min
Men 33.7  8.6 38.4  10.0 0.0001 NS
Women 25.5  5.6 28.9  7.2
eak HR
Men 173  25 171  20 0.03 NS
Women 169  18 165  18
eak O2 pulse
Men 15.8  3.0 17.9  3.6 0.0001 NS
Women 10.6  2.0 12.1  2.8
eak RER
Men 1.23  0.09 1.17  0.07 NS NS
Women 1.20  0.08 1.18  0.09
eak W/kg
Men 2.74  0.52 3.27  0.48 0.0001 NS
Women 2.28  0.41 2.78  0.32
xercise VO2/W
Men 11.4  1.7 10.4  1.4 NS NS
Women 10.9  1.5 9.8  1.5
ecovery VO2/W
Men 2.78  1.22 1.79  0.62 NS NS
Women 2.73  0.85 1.76  0.62
ork VO2/W
Men 14.2  2.6 12.2  1.8 NS NS
Women 13.6  2.1 11.6  1.9
2 debt, %
Men 19.2  5.7 14.5  3.8 NS NS
Women 19.7  3.9 15.0  4.0
E/VCO2 slope
Men 32.4  5.5 32.8  6.7 NS NS
Women 31.9  4.8 31.9  4.9
O2 recovery time constant, s
Men 92.8  22.6 79.7  17.6 NS NS
Women 97.8  24.1 86.1  26.1
CO2 recovery time constant, s
Men 124.1  26.7 112.2  24.8 NS NS
Women 126.3  31.1 117.9  33.4
fficiency, %
Men 20.8  3.3 24.1  3.6 NS NS
Women 21.6  3.3 25.5  4.7
O2-rest VO2, ml/kg/min (walking 3.5 mph at 0 grade)
Men 11.3  2.1 9.7  1.4 NS NS
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Young 76.5  13.8 75.9  14.0 NS NS
Old 77.1  9.8 75.6  9.3
est VO2, ml/kg/min
Young 3.46  0.65 3.67  0.47 0.001 NS
Old 3.23  0.41 3.14  0.66
est HR, beats/min
Young 72.9  10.3 68.2  8.9 NS NS
Old 70.4  9.4 66.3  8.7
est O2 pulse
Young 3.69  0.96 4.09  0.87 NS NS
Old 3.59  0.79 3.65  1.08
esting RER
Young 0.86  0.12 0.85  0.06 NS NS
Old 0.87  0.10 0.85  0.09
eak VO2, ml/kg/min
Young 35.3  8.1 40.8  9.4 0.0001 0.003
Old 24.9  4.9 27.9  5.7
eak HR, beats/min
Young 190  11 184  14 0.0001 NS
Old 156  15 156  12
eak O2 pulse
Young 14.1  3.8 16.6  4.7 0.0002 0.002
Old 12.4  3.3 13.6  3.6
eak RER
Young 1.21  0.08 1.20  0.05 NS 0.04
Old 1.22  0.09 1.15  0.09
eak W/kg
Young 2.87  0.50 3.22  0.49 0.0001 0.001
Old 2.22  0.32 2.86  0.40
xercise VO2/W
Young 10.7  1.3 10.9  1.3 NS 0.0001
Old 11.4  1.8 9.4  1.3
ecovery VO2/W
Young 2.31  0.68 1.89  0.45 0.002 0.0001
Old 3.10  1.13 1.68  0.71
ork VO2/W
Young 13.1  1.4 12.8  1.4 0.02 0.0001
Old 14.5  2.7 11.1  1.8
2 debt, %
Young 17.7  5.0 14.8  3.4 0.008 0.01
Old 20.9  4.3 14.7  4.5
E/VCO2 slope
Young 29.9  3.7 28.7  4.6 0.003 0.02
Old 33.9  5.3 35.2  5.0
O2 recovery time constant, s
Young 76.6  14.1 70.9  7.8 0.0001 0.05
Old 110.0  17.6 92.5  25.1
CO2 recovery time constant, s
Young 104.6  21.7 102.8  13.4 0.0001 NS
Old 141.6  22.4 124.9  34.2
fficiency, %
Young 22.2  2.4 22.7  2.6 0.03 0.0001
Old 20.4  3.7 26.6  4.4
O2-rest VO2, ml/kg/min (walking 3.5 mph at 0 grade)
Young 9.9  1.3 9.2  1.0 0.0001 0.03
Old 11.8  2.4 9.9  1.9
fficiency, % (walking 3.5 mph at 0 grade)
Young 20.9  3.0 22.2  2.7 0.0001 NS (0.059)
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March 7, 2006:1049–57 Age and Training Effects on Exercise Efficiencynces in O2 debt, work VO2/W, or exercise efficiency (data
ot shown).
ffects of aging. Younger and older subjects were well-
atched in weight (p  0.76). There was no difference in
aseline resting HR (p  0.58) or resting O2 pulse (p 
.11). At peak exercise, however, younger subjects had a
2% higher baseline peak VO2 (ml/kg/min, p  0.0001), a
1% higher peak HR (p  0.0001), and a 14% higher peak
2 pulse than older subjects (p  0.0002). The young
atients achieved a 28% higher peak workload (W/kg, p 
.0001) compared to the older subjects. The total oxygen
ost of exercise (work VO2/W) was 11% higher in the elderly
roup (p  0.02), primarily because of a 34% higher
ecovery VO2/W (p  0.002) and an 18% higher O2 debt
p  0.012) compared to the young. Older subjects also
isplayed slower recovery kinetics, with increased VO2 and
CO2 ramp recovery time constants compared to the young
p  0.0001). The increased oxygen cost of exercise in the
lderly subjects translated to an 8% lower exercise efficiency
p  0.03) compared to the young before training. These
ge-related differences at baseline and after training are
hown in Table 2.
ffects of training. All age and gender groups lost 1% to
% of their baseline weight with exercise training (p 
.005). There was no change in resting VO2 with training
p  0.62). Resting HR decreased significantly with train-
ng (p  0.0001). Resting and peak O2 pulse increased to a
ignificant degree after training (p 0.026 and p 0.0001,
espectively). As expected, training resulted in an overall
3% increase in peak VO2 (p  0.0001) and a 19% increase
n peak W/kg (p  0.0001). Training also led to a 24%
ecrease in O2 debt (p  0.0001), a 14% decrease in the
xygen cost of exercise (work VO2/W, p  0.0001), and a
Table 3. Mean Values for Exercise Parameters
(Mean  SD)
Pre-Training
Weight, kg 76.8  11.8
Rest VO2, ml/kg/min 3.34  0.53
Rest HR, beats/min 71.4  9.9
Rest O2 pulse 3.66  0.89
Resting RER 0.87  0.11
Peak VO2, ml/kg/min 29.7  8.6
Peak VE 91  30
Peak HR, beats/min 171  21
Peak O2 pulse 13.3  3.8
Peak RER 1.22  0.09
Peak W/kg 2.51  0.53
Exercise VO2/W 11.1  1.6
Recovery VO2/W 2.75  1.04
Work VO2/W 13.9  2.3
O2 debt, % 19.4  4.9
VE/VCO2 slope 32.1  5.1
VO2 recovery time constant, s 95.4  23.3
VCO2 recovery time constant, s 125.2  28.8
Efficiency, % 21.2  3.3
VO2-rest VO2 ml/kg/min
(walking 3.5 mph at 0 grade)
10.9  2.0Abbreviations as in Table 1.7% increase in exercise efficiency (p  0.0001). The results
f training are summarized in Table 3.
There was a significant age effect in response to training,
s older subjects showed an increase in exercise efficiency
hile the young did not (p  0.0001 for the training  age
ffect). Older subjects had a larger decrease in O2 debt
29% vs. 17%, p  0.01), as well as a marked decrease
n recovery VO2/W (46% vs. 18%, p  0.0001) and
ork VO2/W (24% vs. 2%, p  0.0001) with training
ompared to the young. This translated into a 30% increase
n exercise efficiency for the elderly subjects (p 0.0001), as
pposed to a 2% increase in the young (p 0.42). The effect
f training on efficiency for each individual subject is
isplayed in Figure 1. The elderly patients also showed a
arger increase in peak W/kg (29% vs. 12%, p  0.001)
fter training than the young. Although the younger sub-
ects made no significant improvement in exercise efficiency,
hey had a relatively larger increase in peak VO2 (15% vs.
12%, p  0.003) and peak O2 pulse (18% vs. 10%,
 0.002) than the older subjects.
This age-associated difference in response to training was
lso seen when directly comparing VO2 between the young
nd the old for a matched submaximal workload. When
erforming the same workload (walking at 3.5 mph at a 0°
rade), younger subjects had a 16% lower VO2 (ml/kg/min),
nd therefore a 16% lower VO2/W than older subjects
efore exercise training (p  0.0001). The young exercised
ore efficiently than the older subjects at baseline (20.9% vs.
7.3%, p  0.0001). With training, the young decreased
heir VO2 (ml/kg/min) at 3.5 mph by 7% (p  0.03),
hereas the older patients decreased their VO2 by 16% (p 
.0002). Efficiency trended toward improvement with a 6%
ncrease in the young (p  0.09), as compared to a 21%
ll Subjects Before and After Training
Post-Training % Difference p Value
75.8  11.5 1% 0.005
3.38  0.65 1% NS
67.2  8.8 6% 0.0001
3.85  1.01 5% 0.026
0.85  0.08 2% NS
33.5  9.9 13% 0.0001
99  33 9% 0.0001
168  19 2% 0.027
15.0  4.4 13% 0.0001
1.17  0.08 4% 0.007
3.00  0.49 19% 0.0001
10.1  1.5 9% 0.0003
1.80  0.66 35% 0.0001
11.9  1.9 14% 0.0001
14.8  4.0 24% 0.0001
32.3  5.8 0% NS
83.9  23.7 12% 0.0005
115.8  30.2 8% 0.035
24.8  4.3 17% 0.0001


































1054 Woo et al. JACC Vol. 47, No. 5, 2006
Age and Training Effects on Exercise Efficiency March 7, 2006:1049–57ncrease after training in the older subjects (p  0.0003). In
ummary, the older subjects responded to training with a
reater improvement in efficiency than their younger coun-
erparts, as measured both at a fixed matched workload and
ver the entire exercise period (Fig. 2).
There was no measurable effect of gender on the response
o training, as men and women showed almost identical
ecreases in exercise VO2/W, recovery VO2/W, and work
igure 1. The young (n 27) showed no change in efficiency, whereas the
lder subjects (n  34) showed a 30% increase in efficiency with exercise
raining.O2/W. Men and women also showed no difference in their
a
(elative increase in peak VO2 (p 0.06), decrease in O2 debt
p  0.66), and increase in exercise efficiency (p  0.26) in
esponse to training (Table 1).
ISCUSSION
ur study characterized the effects of age and gender on
xercise efficiency, and prospectively examined the effect of
raining on efficiency in both younger and older men and
omen.
ging. The older subjects in this study displayed the
xpected reductions in peak VO2 and peak workload com-
ared to their young counterparts. Aging was also associated
ith a decreased exercise efficiency, increased oxygen debt,
nd increased recovery VO2/W compared to those in the
oung. Our findings contradict those of some studies that
ave suggested no change in efficiency with age (5–7).
ften, however, calculations of efficiency did not account
or the total oxygen cost of exercise, including the VO2
uring recovery. Patients with heart failure were reported to
ave a decreased oxygen cost during exercise compared to
igure 2. With exercise training, the elderly subjects showed a greater
elative increase in exercise efficiency than their younger counterparts, for
oth total maximal workload (p 0.0001 for age training effect), and for
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March 7, 2006:1049–57 Age and Training Effects on Exercise Efficiencyontrol subjects, implying an increased efficiency, until the
xygen cost during recovery was considered (1,2). Similarly,
he exclusion of recovery data from our analysis would have
ed to the very different result of finding no difference in
fficiency with age. It seems clear, however, that the oxygen
ebt should be included in calculating the cost of perform-
ng a given amount of work. A higher VO2 and decreased
fficiency have previously been described in older versus
ounger subjects at fixed work rates of cycle ergometer
xercise (8,9). Our study confirms these findings in a larger
opulation and shows that older subjects can improve their
fficiency with exercise training.
The age-related decrement in exercise efficiency is likely
ultifactorial. Older age has been associated with an ap-
roximately 25% decrease in muscle capillarization and
itochondrial enzyme activity (10). Reduced skeletal mus-
le oxidative capacity may then lead to premature or
xcessive lactate accumulation and an increase in the oxygen
ost of exercise. Chisari et al. (11) measured serum lactate
evels before and at multiple time points after graded
readmill exercise in a group of 34 older and 10 younger
ubjects. Resting lactate levels were not significantly differ-
nt, and all subjects exercised until they reached 75% of
heir maximum HR to try to ensure primarily aerobic
etabolism. Older subjects showed significantly higher
evels of lactate at all time points, which were ascribed to an
ge-associated fall in mitochondrial oxidative metabolism.
his decline in metabolic capacity may be due to mitochon-
rial disease or degeneration, as “ragged red” muscle fibers
nd cytochrome C oxidase-deficient myofibers, both mark-
rs for mitochondrial disease, have been shown to be
ncreased in the elderly population (12,13).
Additional sources of inefficiency may include changes in
ardiac function, skeletal muscle blood flow from a decrease
n both capillary density and capillary-to-fiber ratio with age
10), nutrition, and hormone levels. In young women,
lasma epinephrine levels are significantly correlated with
oth the magnitude and duration of excess post-exercise
xygen consumption (14). The increased recovery VO2/W
een in the elderly subjects in our study may thus be related
o circulating levels of catecholamines, which have been
hown to be increased with age (15).
Older subjects in our study also showed a significant
lowing in both VO2 and VCO2 recovery kinetics. Several
tudies have shown a slowing of VO2 kinetics in the elderly
t the onset of cycling or ramp exercise (16–18). Post-
xercise oxygen kinetics, however, have only been examined
n one previous study (19), which found a tendency for VO2
ecovery to be faster in the young. The faster VO2 kinetics in
he young was associated with greater capillarization per
uscle fiber area and shorter O2 diffusion distances. The
ssociation was weaker in the elderly group, suggesting that
ther factors, such as mitochondrial density, mitochondrial
nzyme activity, or vascular function may play a larger role
n controlling O2 kinetics in the older patients. yender. As expected, the women in our study showed a
ower peak VO2 (ml/kg/min) than their male counterparts.
his gender difference in aerobic capacity is well-described
n published data and is attributed to the higher body fat
omposition, lower hemoglobin content, and smaller heart
ize of women. The lower resting and peak O2 pulses
VO2/HR) in the women in our study reflect their decreased
O2 at rest and with exercise and are consistent with prior
ndings of decreased maximal stroke volume associated
ith female gender (20). Interestingly, this gender differ-
nce in peak VO2 was not associated with a difference in
xercise efficiency, either at baseline or after training. Thus,
he decreased exercise capacity seen in women is unlike that
f the elderly subjects in that it is not associated with a
ecreased exercise efficiency, but may largely be explained by
ender-related differences in maximal heart rate, stroke
olume, and peripheral oxygen extraction.
raining. Our study confirms that aging does not preclude
response to training, as the elderly subjects were able to
mprove in all the same exercise parameters as their younger
ounterparts. However, the elderly patients were not able to
ncrease their peak VO2 to the same degree as the young.
lthough some longitudinal studies have demonstrated a
lowing in the rate of decline of maximal aerobic capacity
rom continued years of regular vigorous endurance exercise
21,22), more recent analyses suggest that training may have
o effect (23), or may even increase the rate of decline of
O2 max with age (24). Thus, our data suggest that
mprovement of peak VO2 in the elderly subjects may be
imited by other factors that decline with age despite activity
r exercise training, including maximal HR and diastolic
lling rates (25,26).
All groups showed a decrease in oxygen debt, a decrease
n recovery VO2/W and improved VO2, and VCO2 recovery
inetics with training. These findings are consistent with
revious cross-sectional and longitudinal studies that have
hown a decrease in the magnitude and duration of post-
xercise VO2, an increase in VO2 and VCO2 recovery rates,
nd a decrease in blood lactate response in both men and
omen associated with training (27–30). These changes
ith training also translated into an overall 17% increase in
xercise efficiency. In a previous study (7), mean gross efficiency
as similarly shown to increase across all age groups of adult
ales aged 23 to 63 years after they underwent an 8-month
raining program.
What was new and unexpected in our study was the
isproportionately greater response to training in the elderly
ubjects, with complete reversal of age-related decrements
n oxygen debt, recovery VO2/W, and exercise efficiency.
fter training, the elderly subjects showed a lower oxygen
ebt, lower recovery VO2/W, and higher efficiency than the
ntrained young. Babcock et al. (31) had similar findings
hen they demonstrated that training of older individuals
ould result in improvement of VO2 on-kinetics to levels
pproaching those of the fit young. Using regression anal-
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inetics as compared to the young.
These changes in exercise efficiency and VO2 kinetics with
ge and training may be explained on the cellular level by a
isproportionately larger degree of mitochondrial dysfunc-
ion (11) in older people. Evidence suggests that there is a
rogressive decline in mitochondrial respiratory rate and
nzyme activity with age (33). Fortunately, capillary density
nd mitochondrial enzyme activity have been shown to in-
rease with training in older persons, to levels similar to those
een in young individuals (10,34). Meredith et al. (35) found
hat sedentary older subjects increased their muscle oxidative
apacity by 128%, compared to only 28% in the sedentary
oung, such that levels were similar between the two groups
fter training. These improvements in oxidative efficiency
ikely contribute to the marked lowering of oxygen debt and
xygen cost of exercise in response to training seen in the
lderly subjects in our study.
In general, the reversibility of these parameters with
raining suggests that a significant portion of the changes
hat are seen with aging may in fact be due to lower fitness
evels in the sedentary elderly as compared to the sedentary
oung. With only moderate changes in cardiorespiratory
tness, the elderly appear to achieve greater relative gains in
xercise efficiency and other exercise-responsive aerobic
arameters compared to the young.
tudy limitations. Both O2 consumption and W were
djusted for weight, but not for fat-free mass, which may
ave allowed a more accurate comparison between older and
ounger subjects of varying weight and body composition.
he work performed by each subject was calculated accord-
ng to American College of Sports Medicine guidelines, but
till may not accurately reflect the wide variability in how
fficiently individual people exercise. Direct measurement of
troke volume or cardiac output, as well as biochemical or
uscle biopsy data, would be helpful to delineate the
elative contribution of central versus peripheral factors to
he changes seen in oxygen cost of exercise with aging and
raining. Without data from subjects that are aged 30 to 65
ears or a more longitudinal study, it is also impossible to
etermine exactly when the changes that we associate with
ging actually occur.
onclusions. Our findings suggest that the decline in
erobic capacity seen with older age is associated with a
ecreased exercise efficiency, an increased oxygen cost of
xercise and O2 debt, and slower recovery kinetics. These
hanges may in large part be due to inactivity, with an
ssociated decline in mitochondrial oxidative efficiency and
greater reliance on anaerobic metabolism in older persons.
xercise training results in an improvement in these param-
ters, likely by inducing increased O2 delivery through
ncreased stroke volume and muscle capillarization, as well
s improved O2 utilization from an increase in mitochon-
rial enzyme activity. The importance of efficiency in
erobic performance was recently underscored by the find-
ng that muscular efficiency and reduced body fat contrib-ted equally to an impressive 18% improvement in steady-
tate power over a seven-year period in a super-elite athlete
36). Even with relatively low levels of exercise training, our
ubjects made significant improvements in efficiency, oxy-
en debt, and recovery VO2/W that were even greater in the
lderly subjects than in the young. As in the older popula-
ion, female gender is associated with a decreased aerobic
apacity, but was not associated with a similar difference in
xercise efficiency.
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